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We divide tissue-specific genes into two major classes: regulators, defined as genes participating in tissue-specific transcriptional regulation,
and effectors, defined as genes involved in rendering the physiological properties of cells. We show that regulators tend to have significantly
greater noncoding conservation than effectors. We further show that within the regulator class, tissue-specific transcription factors generally have
the greatest noncoding conservation, whereas signal receptors generally have the least noncoding conservation. Using noncoding conservation as a
proxy for the complexity of cis-regulatory DNA, we extrapolate that different classes of tissue-specific genes tend to have different levels of cis-
regulatory complexity and that greater complexity can be found in genes involved in transcriptional regulation, especially transcription factors.
D 2005 Elsevier Inc. All rights reserved.Keywords: Noncoding conservation; Cis-regulatory region; Gene expression; Regulatory networkThe cis-regulatory regions of genes are the primary sites
where information from the cell’s regulatory network is
integrated to impart gene expression patterns [1]. It is reasonable
to suppose that genes with more complex expression patterns
might require more complex cis-regulatory elements. Several
recent studies argue that this may indeed be the case. Nelson and
colleagues showed that genes with more complex expression
patterns also tend to have longer intergenic sequences and, by
inference, more cis-regulatory elements [2]. Iwama and
Gojobori recently showed that genes encoding transcription
factors, which are often expressed in complex ways, tend to have
more conserved noncoding regions than other types of genes [3].
However, it is also conceivable that two genes with the same
expression pattern can nevertheless have cis-regulatory regions
of vastly different complexity. For example, a gene can have a
highly sophisticated cis-regulatory region that integrates infor-
mation from several regulatory pathways to realize its complex
expression pattern, whereas another gene can have a very simple
cis-regulatory region that accomplishes the same level of ex-
pression complexity if it is activated directly by the first gene.0888-7543/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ygeno.2005.09.013
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E-mail address: blahn@bsd.uchicago.edu (B.T. Lahn).Thus, the sophistication of a gene’s cis-regulatory region may
correlate not only with the complexity of the gene’s expression
pattern, but also with where the gene lies in the regulatory
pathway.
Here, we address this issue further by examining whether
tissue-specific genes that lie in different places on the regulatory
pathway have, on average, different levels of noncoding
conservation. We first divided tissue-specific genes into two
broad classes: regulators and effectors (Fig. 1). Regulators are
defined as genes involved in tissue-specific transcriptional
regulation. Effectors are defined as genes whose expression is
controlled directly or indirectly by regulators, but who
themselves do not play any appreciable role in transcriptional
regulation. Effectors are typically genes that render the
physiological properties characteristic of the cell type in which
the gene is expressed (e.g., myosin genes in muscle cells or
keratin genes in skin cells). As for regulators, they were further
divided into four subgroups based on where they lie in the
regulatory hierarchy (Fig. 1). These include (1) extracellular
signals, which reside at the top of the hierarchy; (2) membrane-
bound signal receptors, which are downstream of extracellular
signals; (3) signal transducers, such as kinases, which lie at the
next level; and (4) tissue-specific transcription factors, exclud-
ing nuclear receptors, that act on cis-regulatory regions of6) 433 – 436
www.el
Fig. 1. Classification of tissue-specific genes.
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separate subgroup of regulators, as they are transcription factors
controlled directly by small molecular hormones (in this regard,
nuclear receptors have the dual function of being both signal
receptors and transcription factors).
For each subgroup of regulators, we compiled an extensive
list of genes based on careful analysis of functional data
pertaining to these genes in the literature (see Supplementary
Table S1 for a complete list). We did not resort to Gene
Ontology (GO) terms for the compilation of genes, because GO
does not have the exact classification necessary for this study
[4]. For effectors, we targeted two specific functional catego-
ries as well as including a nontargeted set. One targeted
category is neurotransmitters, which were included to allow
comparison with extracellular signals in the regulator class
(both being secreted molecules). The other targeted category is
neuroreceptors, which were included to allow comparison with
signal receptors in the regulator class (both being membrane-
bound receptors). The nontargeted set comprises all the other
effectors (listed under ‘‘Other effectors’’ in Supplementary
Table S1). We also compiled a set of ubiquitously expressed
genes including general transcription factors, metabolic
enzymes, and ribosomal proteins, which we used for compar-
ison to tissue-specific genes.
We measured the conservation of noncoding regions for
each gene. This approach, often referred to as phylogenetic
footprinting, is predicated on the assumption that functional
noncoding sequences tend to be preserved by purifying
selection, whereas nonfunctional regions tend to diverge over
evolutionary time [5–8]. We chose to use human–mouse
conservation, as was done in many previous studies [3,9–12].
We found that if we used more distantly related species, such as
human and chicken, a large fraction of the genes dropped out of
the analysis due to the lack of any detectable conservation.
We aligned human and mouse orthologous genomic
sequences and examined the extent of noncoding conservation
in regions flanking genes of interest (see online supplementary
materials). It is well known that cis-regulatory elements,
especially tissue-specific enhancers, can act at great distances
from the gene, either upstream or downstream [6]. However, it
is also true that many genes have very short intergenic regions.
This poses a technical challenge in selecting the right amount
of flanking noncoding sequences to analyze. If the selectedregion is too small, many regulatory elements would fall
outside of the region and would be missed in the analysis. If the
region is too large, neighboring genes or their control elements
may be erroneously included. We therefore tested several sizes
of flanking sequences, including 10, 5, 2, or 1 kb. We found
that the overall trends did not change significantly under these
different sizes. That is to say, if one class of genes has more
noncoding conservation than another class when a particular
size of flanking sequences is used for the analysis, this trend
will likely remain when a different size is used. However, when
longer flanking sequences were chosen, many genes dropped
out of the analysis because the flanking sequences contained
neighboring genes, and this reduced the statistical power of the
analysis. As a compromise, we decided to analyze 2 kb
upstream and 1 kb downstream of each gene.
The definition of conservation also needs careful consider-
ation. For human–mouse comparison, regions longer than 100
bp and that have greater than 70% sequence identity were often
used in past studies as criteria to define conserved noncoding
elements [6,9]. We tested several other criteria such as region
size >50 bp and sequence identity >80% or >90%. None seemed
to affect the overall conclusions, though small window size or
high sequence identity reduced statistical power. We therefore
chose to use the convention of >100 bp size and >70%
identify as the definition for a conserved noncoding region.
We first confirmed that tissue-specific genes have signifi-
cantly greater conservation than ubiquitously expressed genes
( p = 0 by Wilcoxon rank sum test) (Fig. 2A and Supplementary
Table S2). The p values that we mention here are for 5V and 3V
together. We also showed that, as had been reported previously
[3], tissue-specific transcription factors (including nuclear
receptors) have significantly greater conservation than all other
genes ( p = 0 by Wilcoxon rank sum test) (Fig. 2A and
Supplementary Table S2). Tissue-specific transcription factors
also have much greater conservation than ubiquitously
expressed general transcription factors ( p = 9  1010 by
Wilcoxon rank sum test) (Fig. 2A and Supplementary Table S2).
We next compared the two major classes of tissue-specific
genes: regulators and effectors. We found that regulators have
about twice as much conservation as effectors (p = 4 1011 by
Wilcoxon rank sum test) (Fig. 2A and Supplementary Table S2).
Of particular relevance is the comparison between extracellular
signals in the regulator class and neurotransmitters in the effector
class. Both are secreted peptide ligands expressed in a highly
tissue-specific manner, yet one has regulatory functions, whereas
the other does not. We found that extracellular signals show
significantly more conservation than neurotransmitters (p =
0.008 by Wilcoxon rank sum test) (Fig. 2A and Supplementary
Table S2). Somewhat unexpectedly, there is no significant
difference between signal receptors in the regulator class and
neuroreceptors in the effector class (Fig. 2A and Supplementary
Table S2). Indeed, signal receptors have the least conservation
among the various subgroups of regulators (see below).
We next compared the levels of conservation between the
various subgroups of regulators. We found that tissue-specific
transcription factors have the greatest conservation, whereas
signal receptors have the least conservation (Fig. 2B). This
Fig. 2. Box plots of noncoding conservation for different categories of genes. Top and bottom of each box correspond to the first and third quartile, respectively, with the midline indicating the median. Bars extend to
the most extreme data point within 1.5 quartile from the median. Outliers are plotted individually. (A) Two-way comparisons. Here, tissue-specific transcription factors include nuclear receptors. (B) Comparison


































S.S. Choi et al. / Genomics 87 (2006) 433–436436raises the possibility that the difference between regulators and
effectors might be attributable to transcription factors alone. To
address this possibility, we removed transcription factors
(including nuclear receptors) from the analysis. We found that
regulators continue to have significantly greater noncoding
conservation than effectors ( p = 0.002 by Wilcoxon rank sum
test) (Supplementary Table S2). Thus, transcription factors do
not account entirely for the different levels of noncoding
conservation between regulators and effectors.
We noted that the levels of conservation in 5V and 3V
flanking regions are correlated with levels of conservation in
introns (data not shown). This suggests that the above analysis
can perhaps be repeated using introns. The advantage of using
introns is that they are clearly defined by intron–exon
boundaries, which is unlike 5V and 3V flanking regions, whose
boundaries are difficult to define. However, a major compli-
cating factor in analyzing introns is the fact that there is a
strong positive correlation between the amount of sequence
conservation and the intron length (nonparametric correlation:
Kendall’s H = 0.49; p < 1015). Given such a correlation, genes
with large introns will tend to have more conserved intronic
sequences regardless of gene function. This correlation could
be due to the fact that large genes do indeed have more cis-
regulatory elements, or it could result from the fact that large
genes tend to have proportionally more neutral conservation
between human and mouse (assuming that a certain fraction of
the genome remains conserved between these two species even
in the absence of purifying selection). In the latter case, this
correlation would cause gene size or exon number to confound
our analysis if uncorrected.
A simple solution to this problem is to present the data in a
bivariate plot of conserved intron length against total intron
length. Such a plot would allow comparison of not only the
total noncoding conservation in introns, but also the amount of
noncoding conservation under any given intron length. A
regression model can then be applied to test the statistical
significance that two groups of genes have distinct levels of
intron conservation (see supplementary materials). Using this
approach, we showed that, consistent with the analysis of
upstream and downstream regions, tissue-specific genes have
greater intronic conservation than ubiquitously expressed genes
( p = 4  1019), tissue-specific transcription factors have
greater conservation than all other genes ( p = 3  1015),
regulators have greater conservation than effectors ( p = 5 
108), and extracellular signals have greater conservation than
neurotransmitters ( p = 1  104) (Supplementary Fig. S1 and
Supplementary Table S2).
A potential criticism of the above conclusions is that dif-
ferences in the amount of conservation might in part be due to
differences in local mutation rate [13]. We note that if we
added Ks—the rate of synonymous substitutions, which is
often used to approximate local mutation rate—as a covariate
to our multiple regression model, the results do not change
appreciably.
In conclusion, our study shows that different classes of
tissue-specific genes have different levels of noncoding
conservation (i.e., different density of noncoding conservationin the region of interest). Regulators generally have signifi-
cantly more noncoding conservation than effectors. Further-
more, regulators that reside in different positions in the
regulatory hierarchy tend to have different levels of noncoding
conservation, with tissue-specific transcription factors having
the most conservation and signal receptors having the least.
These findings significantly extend previous studies showing
that genes with more complex expression patterns tend to have
longer intergenic sequences [2] and that tissue-specific
transcription factors tend to have highly conserved noncoding
regions [3]. Our study should therefore contribute to a holistic
understanding of how the regulatory network of gene
expression is constructed inside of the cell.
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